Neural plasticity is a complex process dependent on neurochemical underpinnings. Next to the glutamatergic system which contributes to memory formation via long-term potentiation (LTP) and long-term depression (LTD), the main inhibitory neurotransmitter, GABA is crucially involved in neuroplastic processes. Hence, we investigated changes in glutamate and GABA levels in the brain in healthy participants performing an associative learning paradigm.
Introduction
The central role of glutamate and its receptors in memory formation is documented in various works (McEntee and Crook, 1993; Riedel et al., 2003; Morris, 2013) . Long-term depression (LTD) and potentiation (LTP) via glutamatergic synapses play a key role in learning processes (Bliss and Collingridge, 1993; Bear and Abraham, 1996) . However, several studies demonstrated the impact of GABAergic neurotransmission on plasticity. In clinical practice, compounds that enhance GABAergic action on a systemic level, such as benzodiazepines or barbiturates, are known to negatively impact memory, an effect which might be mediated by their influence on LTP in cortical regions (Trepel and Racine, 2000; Chapouthier and Venault, 2002) .
Studies investigating the influence of subcortical glutamate and GABA levels on learning performance reported inconsistent results in region-specific comparisons. Motor learning tasks revealed negative correlations of cortical GABA levels and learning performance (Blicher et al., 2015; Kolasinski et al., 2019) , while participants with higher GABA levels in the sensorimotor cortex performed better in tactile discrimination tasks (Puts et al., 2011) . Besides tactile discrimination, performance in orientation discrimination paradigms was positively correlated with cortical GABA concentration (Edden et al., 2009) .
In contrast to other investigated regions, the hippocampus exhibits inverse characteristics in the dependence of GABAergic signaling. Rodent studies attributed the importance of hippocampal GABA levels to rewiring mechanisms or GABA-dependent neurogenesis (Sibbe and Kulik, 2017; McKenzie, 2018) . Adult neurogenesis, which contributes to learning capacities, distinguishes the hippocampus from other areas (Lieberwirth et al., 2016) . Nevertheless, memory formation seems to be highly dependent of the respective receptor subtype involved. LTP is mostly associated with glutamatergic N-methyl-D-aspartate (NMDA) mediated synaptic plasticity (Bliss and Collingridge, 1993; Morris, 2013) . Hence, early animal studies showed LTP reduction after blocking glutamatergic transmission with NMDA receptor antagonists (Davis et al., 1992) . On the other hand, blockade of GABA B receptor using selective antagonists lead to enhanced LTP and learning performance (Staubli et al., 1999) .
However unlike in rodent studies, insights into neurochemical changes in vivo during memory formation in humans are limited. On an activity based level, functional magnetic resonance imaging (fMRI) studies provide information about network activities linked to associative learning, mainly in terms of cortico-hippocampal interactions (Ranganath et al., 2005; Woodcock et al., 2015) . Magnetic resonance spectroscopic imaging (MRSI) provides a suitable tool for in vivo quantification of certain neurotransmitters. Especially changes due to learning are of high interest, due to the lack of knowledge of neurotransmitter dynamics across different brain areas. Recently, a functional magnetic resonance imaging study (fMRS) showed temporal dynamics of glutamate changes in the hippocampus during an associative learning task (Stanley et al., 2017) . Moreover, another study reported positive correlations of glutamate and negative correlations of GABA levels with learning success in the anterior cingulate cortex in a reward-based learning paradigm (Scholl et al., 2017) .
Novel developments in MRSI sequences (Bogner et al., 2014a) allow for the quantification of GABA and a combined measure of glutamate and glutamine (Glx) in a three dimensional grid. Moreover, new analysis tools (Spurny et al., 2019) enable the analysis of GABA and glutamate in regions of interest (ROI) which had been challenging to quantify thus far, including the hippocampus.
This study aims to assess changes in neurotransmitter levels in different brain regions after associative learning by utilizing MRSI. Moreover, we aim to investigate the relationship of GABA and Glx levels across selected ROIs with retrieval performance in an associative learning paradigm. While learning and retrieval performance are closely related measures, retrieval performance can be seen as a promoter of learning (Karpicke and Roediger, 2008; Roediger and Butler, 2011) . Pre-defined areas involved in memory formation, including the hippocampus and the thalamus (Bliss and Collingridge, 1993; Van der Werf et al., 2003; Houtchens et al., 2007; Piras et al., 2010; Koenig et al., 2019) , and the insula, a region involved in processing of emotionally relevant sensory input (Wang et al., 2014; Alkozei and Killgore, 2015; Quarto et al., 2016) were included in the analysis.
Methods
Twenty healthy right-handed subjects (10 female, mean age: 25 AE 5 years) were included in this study. General health was assessed based on medical history, physical examination and structured clinical interview for DSM-IV (SCID). Exclusion criteria included any medical, psychiatric or neurological illness, current or former substance abuse, smoking, first degree relatives with a history of psychiatric illness or substance abuse, color blindness, non-Caucasian ancestry or any contraindications for MRI. This study was approved by the ethical committee of the Medical University of Vienna and was performed in accordance with the Declaration of Helsinki (1964) . Participants gave written consent to participate in this study.
Experimental design
Every healthy study subject successfully completed an associative learning paradigm for 21 days. MRI scans were conducted on the first (M1) and last day (M2) of learning, respectively. GABA and glutamate concentrations were calculated in relation to total creatine (Mikkelsen et al., 2017) for three different regions (hippocampus, thalamus and insula) at each time point in order to test for differences between the measurements. Moreover, correlations of neurotransmitter ratios and retrieval performance were investigated.
Associative learning paradigm
Each healthy study subject was required to perform and complete a daily online facial associative learning paradigm over 21 days. Subjects were excluded from the analysis if more than three learning sessions were not completed. Learning sessions included an initial presentation of 52 facial pairs, each displayed for 5 s, resulting in a total learning time of approximately 5 min. In the following sessions, a random subsample of the total set of 200 pairs were presented whereas each facial pair was presented up to 7 times (median ¼ 6, minimum ¼ 2, maximum ¼ 7) over the course of 21 days. Immediately after each learning session, a subset of 52 pairs of all previously learned associations were shown. Correct faces should be selected from a given set of 4 possible answers (see Fig. 1 ). Images were taken from the "10k Adult Faces Database" (Bainbridge et al., 2013) .
Three measures for the quantification of retrieval success were predefined: initial-retrieval-success (IRS; mean correct answers on 3 worst consecutive retrieval days), final-retrieval-success (FRS; mean correct answers on consecutive 3 best days) and retrieval-improvement (RI; difference of IRS and FRS). Hence, 3 days were averaged to avoid outliers due to exceptional retrieval performance on single days. For the purposes of IRS or FRS calculation for each subject, missing learning days were not replaced, instead 2 of 3 days within the period were averaged.
Magnetic resonance imaging
MRI measurements were performed in the afternoon at the first and last day of learning using a 64-channel head coil on a 3 Tesla MR Scanner (MAGNETOM Prisma, Siemens Healthineers, Erlangen, Germany) at the Medical University of Vienna.
For placement of the VOI and further automated segmentation, 3D T 1weighted anatomical reference images were acquired utilizing a magnetization-prepared rapid gradient-echo (MPRAGE) sequence (TR ¼ 1800 ms, TE ¼ 2.37 ms, 208 slices, 288 x 288 matrix size, slice thickness ¼ 0.85 mm, voxel size ¼ 0.9 x 0.9 Â 0.9 mm 3 ) with a total scan time of 3:39 min.
For metabolic data acquisition, a spiral-encoded, 3D-MRSI sequence with MEGA-LASER (Mescher-Garwood -localization by adiabatic selective refocusing) editing, as described in Bogner et al. (Bogner et al., 2014a) was used. All MRSI slices were placed parallel to the anterior commissure-posterior commissure line. The VOI was centered on the medial to posterior part of the corpus callosum and to cover the hippocampus, thalamus and insula bilaterally, with VOI ¼ 80 (l-r) x 90 (a-p) x 80 (s-i) mm 3 and field of view (FOV) ¼ 160 x 160 Â 160 mm 3 (see Supplementary Fig. 1 ). The acquired matrix size of 10 x 10 x 10 (i.e., approximately 4 cm 3 nominal voxel size) was interpolated to a 16 x 16 x 16 matrix (i.e., approximately 1 cm 3 nominal voxel size) during spectral processing steps.
For real-time motion correction, volumetric, dual-contrast, echo planar imaging based navigators that update head position changes for each pair of EDIT-ON/OFF acquisitions were used (i.e., with a repetition time of 1.6 s, an update occurs every 3.2 s) (Bogner et al., 2014a; Bogner et al., 2014b) . 32 acquisition weighted averages and two-step phase cycling were employed, resulting in a total scan time of 15:09 min.
Magnetic resonance spectroscopy data analysis
All spectra within the VOI were processed automatically with an inhouse-developed software pipeline which includes MATLAB (R2013a, MathWorks, Natick, MA, USA), Bash (version 4.2.25, Free Software Foundation, Boston, MA, USA) and MINC (MINC Tools, Version 2.0; McConnell Brain Imaging Center, Montreal, QC, Canada), which features a graphical user interface for automatic data processing and employs LCModel software (Version 6.3-1, S. Provencher, LCModel, Oakville, ON, Canada). Simulated basis sets were created using GAMMA, one for the difference spectrum [containing GABAþ (a combination of GABA and macromolecules), Glx (a combination of glutamate and glutamine) and total N-acetylaspartate (tNAA)] and one for the non-edited spectra which contains 21 metabolites, including total creatine (tCr) and tNAA (Hnilicova et al., 2016; Gruber et al., 2017 ) (see Supplementary Fig. 2) .
Cram er-Rao lower bound (CRLB) thresholds were set at 30%. GABAþ and Glx ratios were calculated relative to tCr (GABAþ/tCr and Glx/tCr). Automated ROI-based analysis was performed as previously described in Spurny et al. (2019) . FreeSurfer 6.0 (Fischl et al., 2002; Desikan et al., 2006) was used for automated segmentation of structural T 1 -weighted images. In-house MATLAB code was used to extract the hippocampus, thalamus and insula from each subject. GABAþ, Glx, tNAA (derived from the non-edited spectra) and tCr maps were interpolated to the resolution of structural images, overlaid with masks and mean GABAþ/tCr, Glx/tCr and tNAA/tCr ratios calculated for each ROI.
Statistical analysis
IBM SPSS Statistics (v25.0, 2010, SPSS, Inc., an IBM Company, Chicago, United States of America) and MATLAB were used for the statistical analysis. Data were tested for normal distribution using the Komolgorov-Smirnov test and were visually inspected. Paired t-tests were used to test for differences between measurements for each metabolite and ROI (hippocampus, thalamus, insula) and between learning parameters. To test for correlations of GABAþ/tCr and Glx/tCr of each ROI and measurement with IRS, FRS and RI respectively, two-tailed Pearson's correlation analysis with an alpha level of 0.05 were performed. Permutation tests (using 10000 permutations) were conducted to correct for multiple comparison between ROIs and metabolites. To control for a possible systematic quantification bias, tNAA/tCr ratios were correlated independently with learning parameters.
Results

Associative learning paradigm
Calculation of IRS (mean correct answers on consecutive 3 worst retrieval days) revealed worst pair recognition performance on days 5-7. Participants showed a drop in correct answers from day 1 to day 7, which may be explained due to the questioning scheme. Due to the random distribution of presented pairs and the retrieval scheme (random choice of all previously presented pairs) participants show a drop in learning performance in the first few days. While on day one, all presented pairs will be tested, day 2 exhibits theoretically up to 104 different pairs as retrieval options, which increases the cognitive load. Since 52 randomly selected pairs are presented each day by chance, the number of already presented associations will highly increase in the first learning days. Hence, there is a huge subset of pairs that can be retrieved after one presentation. By day 7 participants have seen each pair approximately 2 times on average and were familiar with 90% of the total set at that time (see supplement figure 3 and 4). Hence, repetitions will increase while the presentation of new pairs stagnates, which strengthens learned associations and leads to an increase in retrieval performance from day 7 until day 21. Therefore, days 5-7 represent the retrieval days with highest cognitive load. FRS computation (mean correct answers on consecutive 3 best days) showed best results on days 19-21 (see Fig. 2 ). Participants showed significant improvement between initial and final retrieval performance (p < 0.001, see Fig. 3 ).
Learning-dependent changes of neurotransmitters
MRSI measurements at M2 of five participants failed to pass quality criteria (CRLB > 30). Hence, a subgroup of 15 subjects (6 female, mean age 24 AE 4) was included in the longitudinal analysis. No significant changes were observed between measurements for any region or transmitter (p > 0.1, see Fig. 4 ).
Correlation analysis
Correlation of GABAþ/tCr and Glx/tCr in each ROI and measurement with IRS, FRS and RI were calculated, respectively. Correlations of M1 with IRS, FRS and RI were calculated in the total set (n ¼ 20), while correlations of M2 with IRS, FRS and RI were calculated in the subgroup (n ¼ 15) due to insufficient data quality of 5 subjects at M2. Baseline (M1) GABAþ/tCr ratios in the hippocampus showed a significant correlation with IRS (p cor ¼ 0.013, r ¼ 0.690) (see Fig. 5a ) and reached significance with FRS at a trend level (p cor ¼ 0.0942, r ¼ 0.596) after correction of multiple testing (see Fig. 5c ). Other ROIs and time points showed no significant correlations with GABAþ/tCr ratios.
Glx/tCr showed no significant correlations with retrieval performance at any given measurement time and ROI (see Fig. 5 b,d) .
To control for robust quantification and exclude a potential quantification bias tNAA/tCr ratios of each ROI and time point were correlated with retrieval performance. No correlation could be detected at any given measurement time and ROI (p cor > 0.1).
Discussion
Our findings reveal a positive correlation of baseline hippocampal GABAþ/tCr ratios and retrieval performance. Glx/tCr ratios showed no correlations with learning measures. Moreover, hippocampal GABAþ/ tCr and Glx/tCr levels showed no significant changes after the learning period. Other investigated brain regions did not reveal significant correlations or longitudinal changes for GABAþ/tCr and Glx/tCr ratios, respectively.
Due to technical limitations, quantification of GABAþ/tCr levels in the hippocampus had been challenging in the past. Recent developments of sophisticated multi-voxel MRSI sequences in combination with advanced analysis methods allow for a robust quantification and have thus enabled the assessment of hippocampal neurotransmitter changes in associative learning. While baseline GABAþ/tCr levels revealed correlations with IRS and FRS, no relationship with retrieval improvement, the increase of learning success across the learning phase, could be shown. However, correlations revealed a positive trend that did not reach significance. The fact that correlations including retrieval improvement and changes over time did not reach significance may be due to the small sample size or the learning stimulus which might not be impactful enough to cause pronounced changes in neurotransmission over time. Our findings implicate that cognitive capacities are dependent on the hippocampal GABAþ/tCr concentration. Especially the high correlation with initial retrieval success (¼retrieval days with the highest cognitive load) implies a high adaptability to novel information in participants with high GABA levels at baseline. Interestingly, the hippocampus exhibits the opposite characteristics in contrast to cortical regions. Several studies using motor learning tasks showed evidence of reduced GABA levels after learning in cortical areas (Blicher et al., 2015; Kolasinski et al., 2019) . This may be explained by a possible reduction of inhibition which is necessary in cortical regions for the acquisition of learned content (Scholl et al., 2017) .
At first, it seems counterintuitive that retrieval performance is associated with GABAþ/tCr and showed no correlations with glutamate levels in the brain. Indeed, most models of memory formation focus on glutamatergic neurotransmission. The absence of significant changes, or relationships of Glx with learning measures, in our study might be explained by the combined measure of glutamate and glutamine, since neural plasticity is mainly associated with glutamate rather than glutamine (Bliss and Collingridge, 1993) . However, the interneuron network and the ability to normalize excitatory input on a cellular level are an important addition to models of memory acquisition (Trehub, 1977; Bliss and Collingridge, 1993; Bear and Abraham, 1996) . Learning-related reshaping mechanisms of synaptic connections between inhibitory and excitatory neurons seem to be of high importance. Paulsen and Moser showed that spatiotemporal activity of GABAergic interneurons tend to regulate network activity that underlies hippocampal learning (Paulsen and Moser, 1998) , especially by influencing the stability of neuronal patterns over time (McKenzie, 2018) . Moreover, theories emerged discussing the influence of behaviorally driven suppression of inhibitory neurons on long-term mechanisms of pyramidal cells in the hippocampus in the context of memory formation (McKenzie, 2018; Lamsa and Lau, 2019) . Hence, interneurons showed tendencies of synaptic plasticity (Kullmann and Lamsa, 2007; Topolnik and Camire, 2019) . Beside spatiotemporal activity of the interneuron network, hippocampal neurogenesis plays an important role in the acquisition of novel content (Lazarov and Hollands, 2016) . Various works reported effects of GABA-dependent signaling on progenitor cells and early hippocampal neurons (Earnheart et al., 2007; Duveau et al., 2011; Sibbe and Kulik, 2017) . Furthermore, regulation of adult neurogenesis was associated with GABA B receptor activation (Nowak et al., 2006) . Moreover, the increase of extracellular glutamate and GABA in aged rats was correlated with higher levels of neurogenesis (Segovia et al., 2006) . These findings illustrate the complexity of interactions of the GABAergic and glutamatergic system in memory formation.
Beside the hippocampus, neither the insula nor the thalamus showed significant correlations with metabolic ratios. Although correlations of GABA levels in the insula with emotional aspects of empathy had previously been reported, neurotransmitter levels in the insula do not seem to affect retrieval performances of emotional faces (Wang et al., 2014) .
Our results might support findings of studies focusing on cognitive decline in elderly participants. Cognitive malfunctions are often associated with the aging brain (Harada et al., 2013) . MRS data implicated reduced levels of GABA in regions of the motor inhibitory network and correlations with poorer inhibitory motor control in aged participants (Jahanshahi et al., 2015; Hermans et al., 2018; Pauwels et al., 2018) . Elderly participants showed reduced Glx and GABA levels in the ACC compared to younger controls (Huang et al., 2017) . Moreover, patients suffering from cognitive impairment showed reduced GABA/tCr and Glx/tCr levels in the cingulate cortex (Oeltzschner et al., 2019) , while in Alzheimer's patients reduced GABA levels in parietal regions were measured (Bai et al., 2015) . Hence, reduced GABA levels can be associated with cognitive decline. Future studies may use brain GABA levels as predictors for learning abilities and as risk factors for cognitive impairments in the aging brain.
Limitations
MRS does not allow for the discrimination of extracellular or intracellular neurotransmitter concentrations, hence exact molecular mechanisms cannot be examined. Further, retrieval performance can only be associated with the total GABAþ/tCr and Glx/tCr concentration within a measured voxel. Due to multi-voxel MRSI techniques signal spill-over of adjacent voxels cannot be excluded. Moreover, the MRS sequence used for this study does not allow for exact chemical discrimination between metabolites since a mixed signal of GABA and macromolecules (¼GABAþ) and a combined measure of glutamate and glutamine (Glx), was quantified.
Conclusion
This work presents novel findings of the relationship of hippocampal GABA levels and retrieval performance using an associative learning paradigm in healthy subjects. The positive correlation of hippocampal GABA reveals that a neurotransmitter system other than glutamate is crucial for memory formation. However, future studies using single voxel techniques or higher field strengths that allow robust discrimination of glutamate and glutamine (Gruber et al., 2017) , should aim to distinguish these separated measures with regards to learning performances. Still, underlying neurobiological processes of the role of GABA for memory formation in the hippocampus need to be replicated in larger samples and further be clarified in future approaches.
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